ABSTRACT Evaluation of candidate acaricides in livestock or companion animals is expensive, time-consuming, and usually requires large quantities of test material. To identify promising substances at the earliest possible stage of the development process, robust and predictive surrogate animal models, capable of rapidly characterizing potency with minimal compound requirements, are necessary. The objective of this study was to generate an in vivo surrogate animal bioassay capable of rapidly and accurately predicting the topical activity of acaricides emerging from in vitro acaricide bioassays. The rat acaricide test (RAT) requires adult rats, Rattus norvegicus (Berkenhout, 1769), a ßexible tick containment device fastened to their dorso-thoracic region, and the nymphal stage of the lone star tick, Amblyomma americanum (L.). The feeding kinetics of A. americanum nymphs on rats was assessed, and compound efÞcacies were determined by measuring tick survivorship and engorgement weight on acaricide-treated animals. Results from this bioassay demonstrated efÞcacy with Þpronil, ivermectin, permethrin, and chlorpyrifos, and doseÐresponse relationships for each acaricide were determined. The rank order of potencies was Þpronil Ͼ ivermectin Ͼ chlorpyrifos ϭ permethrin for nymphal mortality and Þpronil Ͼ ivermectin Ͼ chlorpyrifos Ͼ permethrin for inhibition of nymphal engorgement. The activity of permethrin against nymphs in the RAT was positively correlated with potency values for technical and commercial permethrin formulations against adult A. americanum infestations on cattle. The RAT proved to be an economical, rapid surrogate animal bioassay that together with the in vitro acaricide bioassay can be used for the rapid identiÞcation, characterization, and prioritization of candidate acaricides.
There is an immediate need to identify and develop new and safe acaricides as resistance to marketed products continues to increase, making it more difÞ-cult to control economically important tick species. Reports in peer-reviewed journals describing resistant strains of the cattle tick, Boophilus annulatus (Say, 1821) (Acari: Ixodidae) and the southern cattle tick, Boophilus microplus (Canestrini), as well as companion animal-speciÞc ticks; for example, the brown dog tick, Rhipicephalus sanguineus (Latrielle), and the American dog tick, Dermacentor variabilis (Say), are widely available and are increasing in frequency (Miller et al. 2001 , Foil et al. 2004 . In Mexico, a country with large cattle exports to the United States (Ϸ1.5 million head per year), Boophilus spp. ticks resistant to organophosphates, pyrethroids, and formamides are abundant, and often these ticks exhibit simultaneous resistance to multiple acaricides (Villarino et al. 2002 , Foil et al. 2004 . It has been estimated that in the United States alone, reestablishment of cattle fever ticks in the southern part of the country would cause losses of US$3 billion . Moreover, the problem of tick resistance is not limited to the Americas; it also has been found in Australia, Africa, and Asia (Nolan 1990 , Musoke et al. 1997 .
Typical drug discovery paradigms for animal health purposes often rely on the initial detection of candidate compounds by using high-capacity and often high-speed in vitro assays, such as the larval immersion microassay (LIM) (White et al. 2004 ). Substances that demonstrate activity in these primary assays can be categorized and prioritized for continued testing, with the goal of assessing efÞcacy in a target livestock or companion animal species such as cattle, sheep, dogs, or cats. In addition, a reiterative process of structural alterations on the active chemical entity or extract fractionation, together with testing for efÞcacy, is used to ultimately identify the most optimal compound destined for continued early stage development studies. However, the active compounds are often available in limited amounts, because they are products of combinatorial chemistry efforts, rare natural products, or synthesized as products from complex organic chemistry reactions. Therefore, to overcome limited compound availability, predictive and quantitative surrogate animal assays are needed to further categorize and prioritize the candidate chemical entities with the highest probability of demonstrating efÞcacy in the target animal species.
In an effort to identify new and efÞcacious acaricides, we developed and recently described a highvolume in vitro assay capable of detecting acaricide activity for known and candidate compounds against A. americanum larvae (White et al. 2004 (White et al. , 2005 . In this report, we describe a robust and predictive surrogate animal assay for measuring in vivo topical acaricide activity of compounds with previously demonstrated in vitro pesticide activity. The rat acaricide test (RAT) assay relies on a simple tick containment unit to maintain the ticks on the animals, requires Ͻ100 mg of compound for evaluation; and for permethrin, potency values correlated with the activity observed in a target animal acaricide model. The assay is easy to implement and quantiÞable, and it has been successfully used to prioritize candidate acaricides for testing in other species. Tick Containment Units. Ticks were conÞned on rats within the dorso-thoracic region by using containment units made from Gerber brand NUK orthodontic nipples (Wal-Mart, Bentonville, AR). The tip of each nipple was cut across Ϸ1 cm from the end, and the upper one-fourth portion of a Falcon 15-ml screwcap polypropylene tube (Fisher, Pittsburgh, PA) was inserted into each cut nipple (Fig. 1 ). An oriÞce of Ϸ0.64 cm was drilled into the center of each Falcon tube cap. A self-adhesive nylon mesh (catalog no. 02035, Beiersdorf Inc., Wilton, CT) was adhered to cover the Ϸ0.64 cm opening, allowing for air exchange into the chamber.
Materials and Methods

Chemicals and
Before containment unit attachment, animals were anesthetized using isoßurane (Midwest Vet Supply, Des Moines, IA) for Ϸ5Ð10 min at vaporizer and oxygen settings of 3.5 and 5.0, respectively. Hair from the dorso-thoracic region of each rat was clipped using a commercial electric trimmer (Wahl Corp., Sterling, IL), and containment units were attached to rats by using Loctite 495 adhesive (Loctite Corp., Rocky Hill, CT) with rubber washers (Ϸ0.16 cm thick; Dunham Rubber and Belting, Indianapolis, IN) to further secure the tick containment units onto the rats. Animals were allowed to recover from the anesthesia treatment and were acclimated to the containment units for at least 1 h before administering test articles or vehicle controls. The tick containment units were composed of three simple components: 1) a Gerber brand NUK orthodontic nipple cut at the top; 2) an Ϸ0.16-cm washer to further secure the unit to the back of animals; and 3) the top portion of a 15-ml conical tube with an oriÞce drilled in the screw-cap lid, which is subsequently sealed with mesh, to allow for air exchange. The tube cap was removed to administer the ticks into the unit or to inspect the ticks for attachment status. At the desired time in the assay, the tick containment units were removed from the animals and ticks were recovered, assessed for survivorship, and weighed.
A variation of the tick containment system described by Riley et al. (1995) was used for cattle studies. Brießy, three surgical stockinettes (Albahealth LLC, Rockwood, TN) were glued onto the backs of Ϸ360 Ð 450-kg mixed breed and sex cattle by using commercially purchased Liquid Nails (Macco Adhesives, Strongsville, OH). Hair was clipped to facilitate a tight seal between the stockinette and the skin. A rubber O-ring was used to outline and standardize the enclosed surface area to Ϸ125 cm 2 . Adhered stockinettes were allowed to cure for 24 h before introducing test articles and ticks.
Bioassays. To determine the capability of the RAT to support attachment, feeding and detachment of A. americanum nymphs, 7-d timeÐ course studies were implemented. For these studies, 40 rats in total were adapted with tick containment units and A. americanum nymphs. Daily for 7 d (168 h), subsets of Þve rats were used to determine the percentage of ticks attached and tick engorgement weight.
To determine compound toxicity to A. americanum nymphs in the animal model, compounds were dissolved and diluted in absolute ethanol and added into the tick containment unit in a total volume of 0.30 ml. Fipronil, ivermectin, permethrin, and chlorpyrifos were applied to rats at concentration ranges of 0.00001Ð 0.1, 0.000003Ð3.0, 0.025Ð1.60, and 0.0003Ð5.89 mg/cm 2 , respectively. Negative control animals received 0.30 ml of ethanol only. After complete evaporation of ethanol, 10 unfed A. americanum nymphs were placed into each tick containment unit. A minimum of Þve rats were used per treatment group or dose (n ϭ 5). For studies aimed at determining the activity of known acaricides, ticks were allowed to attach and engorge for 4 d after administration of test material (study days 1Ð5). Tick survivorship was assessed to measure percentage of tick mortality. In addition, nymphs were combined and weighed from each individual rat to determine the average magnitude of tick engorgement.
Analytical grade permethrin (formulated in ethanol) was tested on cattle, applied evenly to the surface area inside of individual stockinettes in a volume of 5 ml at three concentrations (0.008, 0.08, and 0.8 mg/ cm 2 ; n ϭ 2 animals per concentration). Negative control animals received 5.0 ml of ethanol only. To assess the efÞcacy of a commercial brand of permethrin, studies were conducted in essentially the same manner, with the exception that animals were treated with dilutions of permethrin, applied as a whole-body topical spray, before attachment of stockinettes. Commercial permethrin was diluted in water and tested at concentrations corresponding to 0.015, 0.05, and 0.15 mg/cm 2 (n ϭ 2 animals per concentration). Negative control animals for the commercial permethrin experiment were left untreated. Twenty adult A. americanum ticks (10 males and 10 females) were placed into each of the stockinettes, which were tied off at the end to prevent undesired tick release. Stockinettes were opened daily, and tick survivorship was determined.
Data Analysis. Tick survivorship was assessed and corrected for control mortality in all experiments (Abbott 1925). Both linear and nonlinear regression analyses were performed using GraphPad Prism (GraphPad Software, Inc., San Diego, CA) (Motulsky 1999) . The nonlinear (Boltzmann) equation Y ϭ bottom ϩ top/(1 ϩ exp [ET 50 Ϫ X]/slope) was adapted to plot nymphal weight on untreated rats, where ET 50 represents the time to achieve half-maximal engorgement weight. Nonlinear regression of dose-dependent tick mortality and dose-dependent nymphal engorgement weight reduction data used the four-parameter logistic (Hill) equation Y ϭ bottom ϩ ((top Ϫ bottom)/1 ϩ 10ˆ(logEC 50 Ϫ X) * Hill slope), where the EC 50 (50% effective concentration) represented the concentration required to obtain 50% tick mortality, with bottom and top values locked at 0 and 100, respectively. To calculate acaricide concentrations predicted to yield 90% nymphal mortality, the equation EC F ϭ (F/[100 Ϫ F])ˆ(1/Hill slope) * EC 50 was used, where F ϭ 90.
Results
Feeding Observations of A. americanum Nymphs on Rats. To establish a common time point for accurately assessing the effect of acaricides on nymphal survivorship and engorgement weights, we tracked tick attachment and engorgement over time. Observations of tick attachment inside of the tick containment units (Fig. 1) demonstrated that Ϸ 95% of ticks were successfully attached within 48 h of infestation, with initial signs of tick engorgement by 72 h (Fig. 2A) . There was an inverse relationship between tick attachment and engorgement weight, with the most rapid rates of engorgement and subsequent detachment occurring between 72 and 120 h ( Fig. 2A) . Nonlinear analysis indicated that the time required to achieve half-maximal engorgement weight (ET 50 ) was Ϸ97 h ( Fig. 2B ; Table 1 ), whereas linear analysis indicated that the ET 50 for detachment was Ϸ111 h ( Fig. 2C ; Y ϭ Ϫ0.7956*X ϩ 138.6; F ϭ 44.12, r 2 ϭ 0.9169, P ϭ 0.0027). By day 7 of study, equivalent to 168 h postinfestation, most ticks were fully engorged and had detached from the rats. Maximum tick engorgement weight was achieved by day 6, or 144 h postinfestation, with nymphs reaching a mean engorgement weight of almost 9 mg. From these studies, a time interval of 4 d (equivalent to 96 h) was selected to determine the acaricide activity of test substances because at this time, the majority (Ͼ70%) of ticks were still attached and a signiÞcant amount of tick engorgement (Ͼ50%) had occurred.
Determination of A. americanum Nymphal Susceptibility to Known Acaricides. Four well-characterized acaricidesÑÞpronil, ivermectin, permethrin, and chlorpyrifosÑ corresponding to the phenylpyrazole, macrocyclic lactone, pyrethroid, and organophosphate (OP) classes of chemistry, respectively, were assessed for topical activity at varying concentrations in the assay. Results of dose-dependent relationships for both tick mortality and tick engorgement weight revealed classical sigmoid plots for each of the compounds tested (Fig. 3) . Determination of the com-pound concentrations needed to achieve half-maximal tick mortality (EC 50 (Table 3) .
Discussion
Several important observations were relevant from these studies. First, rats were a suitable host for A. americanum nymphal infestation under laboratory conditions, which was consistent with host preferences of small mammals and birds for lone star tick larvae and nymphs under natural conditions. During infestation, the nymphs attached, engorged, and released from their hosts within a period of 168 h, equivalent to 7 d. Fully engorged A. americanum nymphs reached an average engorgement weight of almost 9 mg after 5 d of exposure to untreated rats, consistent at least with time of engorgement for nymphs of the Cayenne tick, Amblyomma cajennense (F., 1787) when fed on donkeys (Castagnolli et al. 2003) . In addition, the use of ßexible containment units ensured the facile containment of ticks, preventing them from escaping and infesting the laboratory facilities, vicinal animals, or personnel. Second, given the high degree of activity observed with known acaricides, these studies demonstrate that this assay can be used as a surrogate model for predicting topical activity of compounds on target animal species, such as cattle, dogs, or cats. These compounds may be the products of in vitro acaricide testing campaigns, by using high-capacity assays, or part of structureÐactivity relationship strategies to optimize the acaricide activity for chemical classes of interest. Finally, the assay requires only a fraction of the amount of compound normally required for topical efÞcacy testing in a target mammal. Approximately 100 mg of test material was sufÞcient to comprehensively assess the doseÐresponse relationship for known acaricides. Moreover, the activity of several known and candidate acaricides in this assay has been predictive of activity obtained against adult A. americanum ticks on cattle (unpublished observations).
To characterize the assay, efÞcacy was determined for the known acaricides Þpronil, ivermectin, per- methrin, and chlorpyrifos, representing the phenylpyrazole, macrocyclic lactone, pyrethroid, and OP classes of chemistry, respectively. Dose-dependent relationships for tick mortality and average tick engorgement weight were obtained for each acaricide. Based upon EC 50 values for nymphal mortality, these four compounds fell into two categories with permethrin and chlorpyrifos having similar potency measurements in the 0.031Ð 0.035 mg/cm 2 range, whereas Þpronil and ivermectin had measurements that were 50 Ð300 times lower, in the 0.0001Ð 0.006 mg/cm 2 range. When considering the effect on tick engorgement weight, and therefore tick feeding, permethrin, chlorpyrifos, and Þpronil had engorgement weight reduction EC 50 values that were similar to their mortality EC 50 values. Permethrin and chlorpyrifos were the least potent for engorgement weight reduction, with EC 50 values of 0.085 and 0.030 mg/cm 2 , respectively, whereas Þpronil was the most potent with an EC 50 of 0.00011 mg/cm 2 . Unlike these three compounds, however, the concentration of ivermectin needed to achieve 50% inhibition of tick feeding was Ϸ10 times lower than the amount needed to achieve 50% tick mortality. Indeed, the dose of ivermectin needed to achieve a 50% reduction in tick engorgement weight results in Ͻ10% tick mortality, and an EC 90 dose for engorgement weight reduction results in Ϸ35% tick mortality. This suggests that sublethal concentrations of ivermectin effectively inhibited feeding and engorgement of nymphs on rats, consistent with previous reports describing the inhibitory effect of this compound on blood ingestion by A. americanum, D. variabilis and B. microplus on cattle (Wilson et al. 1991, George and and the brown ear tick, Rhipicephalus appendiculatis (Neumann), on ivermectin-treated deer (Miller et al. 1989) . Thus, the simultaneous assessment of tick mortality and engorgement weight reduction can effectively increase the sensitivity and versatility of the assay, yielding information on important sublethal properties that candidate acaricides may have on ticks, such as inhibition of attachment and feeding, or even repellency. Based on EC 50 values, these results suggest the following rank order of potencies for tick mortality and reduction of tick engorgement weight, respectively: Þpronil Ͼ ivermectin Ͼ chlorpyrifos ϭ permethrin and Þpronil Ͼ ivermectin Ͼ chlorpyrifos Ͼ permethrin.
The ability of this assay to predict acaricide activity for candidate lead compounds on the target animal has been discerned based on the correlation with the topical acaricide activity of permethrin against adult A. americanum on cattle. When formulated in ethanol and applied topically to an enclosed, deÞned area on cattle, analytical grade permethrin (Ͼ98%) had an EC 50 of 0.028 mg/cm 2 against adult A. americanum, very close to the EC 50 of 0.035 mg/cm 2 for ethanolformulated permethrin against nymphs on rats. Similarly, doseÐtitration experiments with a commercial preparation of permethrin, applied as a whole-body topical spray to cattle, yielded an EC 50 of 0.015 mg/ cm 2 against adult A. americanum (Table 3) . Indeed, there is also some degree of correlation between the level of activity for chlorpyrifos in the rat model and the recommended topical spray dose of the closely related OP coumaphos on cattle. By using the equation to determine the surface area of a cylinder, measurement of length and circumference for Holstein calves weighing Ϸ360 Ð 450 kg yielded a surface area estimation of Ϸ20,000 cm 2 . The recommended topical spray dose of an 11.6% coumaphos EC product for control of tick infestations on cattle, when converted to quantity of active ingredient per surface area unit, is Ϸ0.345 mg/cm 2 . To achieve a similar level of nymphal control (e.g., Ͼ99%) with chlorpyrifos in the rat model, our a Expressed as a quantity of material per surface area of skin (milligrams per square centimeter) required to achieve a 50% reduction in tick survivorship.
b Denotes 95% CI of the EC 50 value, expressed in milligrams per square centimeter. results suggest that a topical dose of 0.476 mg/cm 2 would be required. In summary, this report describes a surrogate animal assay capable of detecting and quantifying the topical acaricide activity for candidate compounds that is simple, sensitive, and reproducible. In general, acaricide activity measured using the in vitro LIM has been predictive of topical activity on the rat, although compounds tested in both the in vitro and in vivo assays may not share the same rank order of potency. For example, ivermectin to date has been one of the least active known acaricides in vitro and is Ϸ10-fold less potent than permethrin (White et al. 2004) , whereas potency measurements on the rat revealed ivermectin to be approximately six-fold more potent than permethrin. Aside from the dissimilarity between the LIM and RAT, the speciÞc causes for such differences in rank order of potency are not known, but they could be inßuenced by localized compound metabolism on the skin, compound absorption with subsequent systemic activity in the rat, or use of different life stages of the same tick. Nevertheless, this assay can be used to Þll the gap between in vitro high-throughput assays capable of readily detecting tick killing activity and more comprehensive and costly target animal studies in livestock or companion animals.
